Wave travel-time shifts in the vicinity of sunspots are interpreted as arising predominantly from magnetic fields, flows, and local changes in sound speed. We show here that the suppression of granulation related wave sources in a sunspot can also create travel-time shifts, and results in a strong asymmetry between in and outgoing wave travel times. The tight connection between the physical interpretation of travel times and source-distribution homogeneity is confirmed. Statistically significant travel-time shifts are recovered upon numerically simulating wave propagation in the presence of a localized decrease in source strength. We see a systematic reduction of up to 15 seconds in p-mode mean travel times at short distances (∼ 6.2 Mm) that could be misinterpreted as arising from a shallow increase (∼ 4%) in the sound speed. At larger travel distances (∼ 24 Mm) a difference between the ingoing and outgoing wave travel times is observed; this could mistakenly be interpreted as e.g., caused by a shallow downflow of upto 350 m/s.
INTRODUCTION
That sunspots support oscillations (e.g., see the review by Bogdan & Judge 2006) was an important discovery for it introduced the possibility of using wave propagation measurements to probe the underlying structure and dynamics of these enigmatic objects. Much of our current observational understanding of the sunspot interior comes from inverse theory applied in conjunction with time-distance helioseismology (Duvall et al. 1993; Gizon & Birch 2005) on waves in these regions. After the original discovery of downflows underneath sunspots by Duvall et al. (1996) , inversions in the ray (Kosovichev & Duvall 1997) , Rytov (Jensen & Pijpers 2003) , and Born (Birch et al. 2004 ) limits were performed to recover the interior structure of sunspots (Kosovichev et al. 2000; Couvidat et al. 2006) . In recent years, many of these results have come into question because the analyses do not explicitly account for the influence of magnetic fields on wave travel times. Apart from direct mechanical effects on the waves, magnetic fields are also responsible for impeding the action of near-surface convection, commonly believed to be the source of waves (e.g., Stein & Nordlund 2000) . Despite the work of Woodard (1997) and Gizon & Birch (2002) , causal factors of travel-time shifts such as wave damping and source distribution inhomogeneity in the context of sunspots have not been studied in detail. Gizon & Birch (2002) first derived the linear sensitivity of f -mode travel times to local changes in source strength, later corroborated through time-distance analyses of artificial data by Hanasoge et al. (2007) . This concept of source-strength variations engendering travel-time shifts can be somewhat mystifying. Surely waves do not speed up or slow down when a source emits a wave of half the amplitude, as the naive interpretation seems to indicate? The answer lies in the manner in which travel times are computed; stripped of physical interpretation, travel times are obtained by fitting cross correlations of velocity (or intensity) signals between pairs of points or a point and an annulus. The measurement points do not just constitute a source-receiver pair as in the typical geophysical situation; rather, all waves that contain coherent phase information at these points contribute to the cross correlations. Given a spatially uniform distribution of sources, the travel times are associated with certain expectation values. However, it is conceivable that over a region where the directionality or spatial distribution of waves is biased, the contributions by wavepackets (to the cross correlations) from disparate directions and points are not in the same proportion as in the spatially uniform case. Consequently, the expectation value in this region shifts to a different value. In fact, the term 'travel time' is better interpreted as a quantity that describes the statistics of the wave field than the physical wave travel time between the measurement points. Damping also plays an important role, for it determines the extent of coherence of the waves and the degree of contribution to the cross correlations. These can be serious issues in sunspots, because of the possible lack of sources and the putative excesses in damping and absorption (e.g., Braun et al. 1987 ).
Mean travel times are defined as the average of the in-and outgoing wave travel times, while difference travel times are obtained by subtracting the two. We posit that the classical interpretation of mean travel-time shifts as mostly arising from changes in the sound speed and difference travel-time shifts predominantly from flows in sunspots is incomplete because the lack of wave sources can also cause significant mean and difference travel-time shifts; this effect is demonstrated here via numerical simulations and analytical methods.
NUMERICAL PROCEDURE AND TEST CASES
Using techniques developed in Hanasoge et al. (2006) , Hanasoge et al. (2007) , and Hanasoge (2007) , wave propagation in the near-surface layers of the Sun is simulated in a box of dimension 400 × 400 × 35 Mm 3 , where the third dimension is depth. Waves are excited by introducing a forcing term in the vertical momentum equation; the forcing function is prescribed such that a solar-like power spectral distribution is obtained. To simulate source suppression, the forcing term is multiplied by a spatial function that mutes sources in a circular region of 10 Mm radius (i.e., the forcing function assumes a reduced value in this region). Based on estimates of emitted energy flux in sunspot umbrae, which range from 10 -20% of the average value in the quiet Sun (e.g., Schüssler & Vögler 2006) , we perform two simulations, one with source strength in the disc region set to zero and another with 20% of the 'quiet' value. The two simulations possess very similar travel-time maps; consequently we only show results from the simulation where the sources were completely suppressed.
All boundaries of the computational region are absorbent and no acoustic waves enter the box from external regions, contrary to the solar situation. This results in a dearth of p modes that travel large distances or those that possess long lifetimes. The opposite effect is observed in the case of f modes and p modes that travel short distances, a profusion of which inhabit the computational region because we do not incorporate realistic solar damping in our calculations (small quantities of numerical and boundary dissipation apart). We had initially set the computational box size to 200 × 200 × 35 Mm
To further test the robustness of these calculations, we create semi-analytical forward models in the manner of Gizon & Birch (2002) to study the effects of wave damping on the conclusions of this paper. The starting point is the temporal Fourier transform of equation (22) from Gizon & Birch (2002) , which gives the expected value of the cross-covariance, C, in terms of Green's functions G and the source covariance M,
The integration variable s runs over the horizontal position of all the wave sources, r 1 and r 2 are the positions of the two observation positions, and ω is the temporal frequency. Notice that in writing this equation we have assumed that the wave sources are uncorrelated in space. In order to compute equation (1) we use the normal-mode summation of the Green's functions from Birch et al. (2004) , which include wave damping based on the linewidths measured by Korzennik et al. (2004) . We use the source covariance from Birch et al. (2004) , though modified to include the reduction of source strength inside the disc of radius 10 Mm. It is important to note that the type of source used in this particular forward model is quadrupolar in nature, whereas we employ dipoles in the simulation. With these ingredients, the expected value of the point-to-point cross correlation (Eq. [1]) can then be computed numerically and averaged to obtain center-to-annulus cross correlations. Traveltime shifts are obtained as described in § 3. Fig. 2 shows a reasonable agreement between the simulations and this theory.
TRAVEL TIMES AND POWER CORRECTION
f -and p-mode travel times are measured using procedures described in Rajaguru et al. (2006) and Couvidat et al. (2006) respectively. The entire f -mode ridge as well as separate frequency bands were used to determine f -mode travel times (frequency dependencies discussed in a future publication). In order to estimate p-mode travel times accurately, broad phase-speed filters were implemented to avoid contaminating the first bounce ridge with the filter artifact (see Table 1 of Hanasoge et al. (2007) ; the FWHM was multiplied by 4). The p-mode cross-correlation branches corresponding to positive and negative times (outgoing/ingoing waves) averaged over the source-perturbation area in comparison to the average cross correlation for the quiet simulation are shown in Fig. 1 for ∆ = 24.35 Mm, where ∆ = |r 1 − r 2 | is the distance between measurement points. There is a noticeable asymmetry between the outgoing and ingoing waves, especially at larger distances where the outgoing waves contain almost all of the travel-time shift. Choosing the center of the source suppression to be the zero point, ingoing and outgoing travel-time shifts are azimuthally averaged and plotted in Fig. 2 . The reduction in the p-mode mean travel times seen in panel a of Fig. 2 is comparable, magnitude-wise, to the 15 s increase (azimuthal average) seen for ∆ = 6.2 Mm in some sunspots (from high-resolution data taken with the Michelson Doppler Imager (MDI) instrument, Scherrer et al. 1995) .
If the simulations are believed to be representative of reality, and the travel times of in-and outgoing waves are appropriately 'corrected' to account for the possibility of missing wave sources in sunspots, we might expect nearly a 100% change in the mean travel times for ∆ = 6.2 Mm. Moreover, the asymmetry between the in/outgoing waves seen for ∆ = 24.35 Mm (ingoing ∼ -10 s, outgoing ∼ -40 s, azimuthal averages for sunspot NOAA 8243) could be reduced by almost 50% by applying corrections. We show in Figure 3 that travel-time shifts associated with source suppression and sound-speed perturbations are linearly additive. Thus these source suppression effects can be addressed in a linear manner, making it possible to remove their signature from helioseismic analyses.
The decrease of acoustic power in a sunspot has been widely observed and explanations offered (e.g., Braun et al. 1987; Bogdan et al. 1993) ; recently, Parchevsky & Kosovichev (2006) have suggested that the suppression of convection (and hence wave sources) is sufficient to explain more than half of the decrease in acoustic power in sunspots. However, in our calculations, even when the source strengths in the region of suppression are reduced to zero, we see only about 20% reduction in acoustic power. In any case, it is difficult to compare these two results because of the differences in damping rates, the time length of the calculations, the sizes of the computational domains, etc. To compensate for travel-time measurement 'errors' related to the local reduction in acoustic power, Rajaguru et al. (2006) proposed a power correction method which we incorporated before computing travel times. Since we use broad phase-speed filters and because the acoustic power is reduced by only 20%, the power correction does little in the way of altering travel-time shifts (∼ 10 % change at the most) in our simulations.
Inversions of the (uncorrected) travel-time shifts using sound-speed kernels in the ray approximation and the multi-channel deconvolution algorithm (Jensen et al. 1998 ) are shown in Fig. 4 . The perturbation appears as a shallow, 7.5 % increase in δc 2 /c 2 , where c is the sound speed. In order to place bounds on flows, we perform inversions assuming the presence of only downflows because 3D flow inversions are somewhat more complicated and beyond the scope of the current work. The inversion scheme is similar to that for sound-speed perturbations, except that we now use vertical flow kernels in the ray approximation (e.g., Giles 2000) . We obtain a shallow downflow of a magnitude upto 350 m/s, a significant fraction of the estimate of Zhao et al. (2001) . However, we emphasize that these downflows are crude estimates and the flow bounds can be significantly refined if 3D flow inversions are performed.
RESULTS AND DISCUSSION
We demonstrate that obtaining meaningful travel times is strongly incumbent upon the homogeneity of sources in the medium. By suppressing sources over a region typically the horizontal size of a sunspot, asymmetric in/outgoing wave travel-time shifts are recovered. Fig. 1. -Average cross correlation, C(∆, t) for ingoing (on the left) and outgoing (on the right) waves obtained from a center-to-annulus scheme (Duvall et al. 1996) for ∆ = 24.35 Mm. The solid line shows the average cross correlation for a simulation with a spatially homogeneous source distribution ('quiet' simulation) and the dashed line for the sourcesuppressed region. The averaging is performed over a region within the 10 Mm disc in the quiet and perturbed simulations. The difference in amplitudes (there are no phase differences) between the in-and outgoing wave cross correlations in the quiet simulation is due to the absence of incoming waves from outside the boundaries. For the source-suppressed case, in addition to an amplitude decrease, the outgoing wave cross correlation shows a phase advance (roughly 6 seconds) while the corresponding ingoing wave correlation shows a much smaller phase shift. This may contribute to the asymmetry between ingoing and outgoing waves observed in sunspots (e.g., Lindsey & Braun 2005) . Therefore, our analysis seems to indicate that little can be said about the internal constitution of a sunspot without also taking into account the effects of inhomogeneously distributed sources and to some extent, damping (Woodard 1997) . In-and outgoing waves are differentially affected, with the asymmetry exacerbated at increasing travel distance, ∆. The large negative mean travel-time shifts seen at the shortest travel distances (∼ -15 s, ∆ = 6.2 Mm) imply that perhaps the inversions significantly underestimate the amplitude of the nearsurface sound-speed perturbation below a sunspot. Similarly, the systematic difference travel times observed for waves (also ∼ -15 s, ∆ = 24.35 Mm) that travel larger distances indicates that the flow inversions may be quite inaccurate in estimating flow velocities. The power correction of Rajaguru et al. (2006) in this case decreases the magnitude of the travel-time shifts at most by about 10%. However, the sensitivity of other methods of helioseismology like ring diagram analysis (Hill 1988 ) and acoustic holography (Lindsey & Braun 1997) to the homogeneity of the wavefield remains to be investigated. 
